We examine the impact of a non-minimal coupling of the inflaton to the Ricci scalar, 1 2 ξRφ 2 , on the inflationary predictions. Such a non-minimal coupling is expected to be present in the inflaton Lagrangian on fairly general grounds. As a case study, we focus on the simplest inflationary model governed by the potential V ∝ φ 2 , using the latest combined 2015 analysis of Planck and BICEP2/Keck Array. We find that, for all the data combinations used in this study, a small positive value of the coupling ξ is favoured at the 2σ level. When considering the cross-correlation polarization spectra from BICEP2/Keck Array and Planck, a value of r > 0 is found at 95% CL. Motivations.-Inflation provides the most theoretically attractive and observationally successful cosmological scenario able to generate the initial conditions of our universe, while solving the standard cosmological problems. Despite this remarkable success, the inflationary paradigm is still lacking firm observational confirmation. The picture that emerges from the latest data from Planck, including also the joint analysis of B-mode polarization measurements from the BICEP2 collaboration [1] [2] [3] [4] , is compatible with the inflationary paradigm. According to these observations, structure grows from Gaussian and adiabatic primordial perturbations. From the theoretical viewpoint, this picture is usually understood as the dynamics of a single new scalar degree of freedom, the inflaton, minimally coupled to Einstein gravity. However, the inflaton φ is expected to have a non-minimal coupling to the Ricci scalar through the operator
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Generically, for successful inflation, the inflaton should be very weakly coupled * . It follows that the magnitude of ξ is expected to be small. Yet, even with such a suppressed coupling, the inflationary predictions are significantly altered [6] [7] [8] [9] [10] [11] [12] [13] . For instance, and as we will see, a small and positive ξ can enlarge considerably the space of phenomenologically acceptable scenarios (See also [14] ). In this letter, we will focus on the simplest inflationary scenario with a potential V ∝ φ 2 [15] , and a nonzero non-minimal coupling. According to the very recent Planck 2015 full mission results, the minimally-coupled version of this scenario (i.e. ξ = 0) is ruled out at more than 99% confidence level [2, 4] , for 50 e-folds of inflation. Thus, before discarding it definitely from the range of theoretical possibilities, it is worthwhile to explore this scenario in all generality, given that, as explained earlier, the presence of non-minimal couplings in the inflaton Lagrangian is quite generic.
Non-minimally coupled Inflaton.-The dynamics of a non-minimally coupled scalar field φ with a potential U (φ) is governed, in the Jordan frame, by the following
where indices are contracted with the metric g µν , defined as ds
Inflation can be conveniently studied in the Einstein frame, after performing a conformal transformation g
and canonically-normalizing the scalar field. Up to a total derivative, the action takes the familiar form
where now ϕ is the canonically-normalized inflaton, related to the the original non-minimally coupled scalar field φ through dϕ dφ
GeV is the reduced Planck mass.
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In terms of the original scalar field φ, the physical potential takes the simple form
In the following, as previously stated, we shall focus on the simplest inflationary model ‡ , given by the quadratic potential U (φ) = 1 2 m 2 φ 2 , with a non-vanishing coupling ξ. In order to derive the primordial scalar and tensor perturbation spectra within the non-minimally coupled φ 2 theory, we shall make use of the slow-roll parameters § :
It is straightforward to derive the expressions for the spectral index of the primordial scalar perturbations
2 +16 η−2ξ SR , and the tensor-to-scalar ratio r ≡ 16 from the above slow-roll parameters ¶ . Within the slow-roll approximation, it is straightforward to solve numerically the inflationary dynamics governed by the action Eq. (2). The number of e-folds is given by
2 . Throughout this analysis, we fix N = 60. The inflationary predictions are depicted in Fig. 1 , in the (n s , r) plane, for both positive and negative values of the coupling ξ. The case of ξ = 0 corresponds to the usual predictions of the chaotic inflationary scenario, with n s = 1 − 2/N 0.967 and r = 8/N 0.13 for N = 60, and it is represented by a red circle. Notice that negative values of ξ lead to a larger tensor-to-scalar ratio. Positive values of ξ, on the other hand, will reduce the tensor contribution, while also pushing n s significantly below scale invariance as ξ increases. For instance, for ξ > 0.002, the scalar spectral index will always be smaller than the observationally preferred value n s 0.96. The predicted running of the spectral index α is shown in Fig. 2 as a function of the non-minimal coupling ξ. In general, negative (positive) values of ξ lead to positive (negative) values of the running. Although the large positive values of the running ‡ A generalization to other interesting inflationary scenarios will be carried out elsewhere [16] . § Here, we use the notation ξ SR (ϕ) to refer to the usual slow-roll parameter ξ, in order to avoid confusion with the non-minimal coupling to gravity ξ. ¶ Notice that the expressions for both ns and r are first-order in slow-roll, while α involves second order slow-roll terms. However, we have checked numerically that such second order corrections in slow-roll leave unchanged the constraints on the inflationary observables (ns, r). Therefore, higher order slow-roll corrections can be safely neglected. TABLE II . 95% CL limits on the non-minimal coupling ξ and on the inflationary parameters ns, r and α from the two possible CMB data combinations used in this study.
will not affect the constraints presented in the following. Our data sets are the Planck temperature data (hereafter TT ) [17] [18] [19] , together with the low-WMAP 9-year polarization likelihood, that includes multipoles up to = 23, see Ref. [20] (hereafter WP ), and the recent multi-component likelihood of the joint analysis of BI-CEP2/Keck Array and Planck polarization maps (hereafter BKP ), following the data selection and foreground parameters of the fiducial analysis presented in Ref.
[1] * * . However variations of this fiducial model will not change significantly the results presented here.
These data sets are combined to constrain the cosmological model explored here, and described by the parameters † † :
In Table I , we summarize the definition as well as the priors on these parameters. We use the Boltzmann code CAMB [21] and the cosmological parameters are extracted from the data described above by means of a Monte Carlo Markov Chain (MCMC) analysis based on the most recent version of cosmomc [22] . The constraints obtained on the non-minimal coupling ξ are then translated into bounds on the usual inflationary parameters n s , r and α. Table II shows the 95% CL constraints on the parameters ξ, n s , r and the running α arising from our numerical analyses using the two CMB data combinations used here. The preferred value of the non-minimal coupling ξ from Planck TT plus WP measurements is positive and slightly larger than the mean value obtained when the cross-correlated polarized maps from BICEP2/Keck and Planck (BKP ) experiments are included in the numerical analyses. This preference for a slightly larger ξ (and consequently, smaller r) is clear from the one-dimensional * * This fiducial analysis assumes a tensor spectral index n T = 0, the BB bandpowers of BICEP2/Keck Array and the 217 and 353 GHz bands of Planck, in the multipole range 20 < < 200. † † Notice that the inflationary cosmology under study contains less parameters than the standard ΛCDM picture, as once the nonminimal coupling ξ is fixed, ns, r and α are fully determined. posterior probability distribution of ξ shown in the left panel of Fig. 3 . The mean value of ξ = 0.0028 obtained from Planck TT plus WP data is translated into an upper 95% CL limit of the tensor-to-scalar-ratio r < 0.09, as can be seen from the right panel of Fig. 3 . When considering BICEP2/Keck and Planck cross-spectra polarization data, the tensor-to-scalar ratio r is found to be different from zero at the 2σ level, r = 0.04
−0.03 . Concerning the running of the spectral index, the two data combinations seem to have a preference for a small negative running α = −0.005, associated to small values of |ξ|, as shown in Fig. 2 . Figure 1 shows the 68% and 95% CL allowed regions in the (n s , r) plane, resulting from our MCMC analyses, together with the theoretical predictions. It is clear from these results that the combination of Planck TT plus WP data prefers slightly smaller values of both n s and r than those obtained when the combined BKP likelihood is also included.
Let us now turn to future constraints on ξ. Future observations, as those expected from PIXIE [23] , Euclid [24] , COrE [25] and PRISM [26] , could be able to reach an accuracy of σ r = σ ns−1 = 10 −3 . With such precision, one could hope to test deviations from the quadratic potential [27] , as the one studied here, by constructing quantities independent of N , up to subleading O(1/N 3 ) corrections. It is straighforward to get for our case,
at leading order both in slow-roll and ξ. If it turns out that nature had chosen a very small value of r, future constraints on ξ would be as strong as ξ 10 −4 ; one order of magnitude stronger than the ones obtained in this analysis. Concerning the running α, it is interesting to note that futuristic observations like SPHEREx [28] with a forcasted error of σ α = 10 −3 , will be able to falsify the present scenario.
Finally, it is also interesting to explore the impact of the non-minimal coupling on the inflaton excursion. It is well-know that large values of the tensor-to-scalar ratio r, as those found by previous BICEP2 measurements ‡ ‡ [29, 30] yield large inflaton excursions φ M P [31] [32] [33] [34] , which are hard to understand in the context of a consistent effective field theory. In particular, successful in- The magnitude of the tensor-to-scalar ratio is encoded in the curve through the color bar. Notice that, in both frames, large r correlates with large excursions. ‡ ‡ The joint BKP analysis finds however no evidence for primordial B-modes, but a robust limit of r < 0.12 at 95% CL, see Ref. [1] .
flation requires that higher order non-renormalizable operators, which are expected to be naturally present in the inflationary potential, are sufficiently suppressed. A number of phenomenological studies have recently been devoted to address this problem [35] [36] [37] [38] . In Fig. 4 , we plot the excursion of both φ and ϕ, together with the corresponding tensor ratio r. It is clear that the excursion of the canonically-normalized inflaton ϕ is lowered for positive values of ξ i.e. ∆ϕ < ∆φ. However, this decrease is rather mild and the excursion still takes on super-Planckian values for the phenomenologically acceptable values of ξ. Conversely, negative values of ξ lead to an increase of the excursion of ϕ. Figure 4 also shows that super-Planckian values of both φ and ϕ are still associated with large values of the tensor-to-scalar ratio r, in agreement with the Lyth bound [31] . Thus, when a small non-zero and positive value of the coupling ξ is turned on, both the inflaton excursion and r are slightly lowered, but without alleviating completely the super-Planckian excursion problem.
Conclusions.-A small non-minimal coupling is expected to be present in the inflaton Lagrangian, and modifies the inflationary predictions in an interesting way. Focusing on the simplest quadratic potential scenario, and using the very recent joint analysis of BI-CEP2/Keck Array and Planck polarization maps, we found that a small, positive value of the coupling ξ is always favoured at the 2σ level, see Table II . It would be interesting to see if upcoming B-modes measurements can reinforce or weaken the statistical significance of these findings. In particular, it would be crucial to discriminate between the presence of a non-minimal coupling in the theory and other departures from the quadratic approximation.
